We have constructed a physical map of Arabidopsis thaliana chromosome 3 by ordering the clones from CIC YAC, PI, TAC and BAC libraries using the sequences of a variety of genetic and EST markers and terminal sequences of clones. The markers used were 112 DNA markers, 145 YAC end sequences, and 156 end sequences of PI, TAC and BAC clones. The entire genome of chromosome 3, except for the centromeric and telomeric regions, was covered by two large contigs, 13.6 Mb and 9.2 Mb long. This physical map will facilitate map-based cloning experiments as well as genome sequencing of chromosome 3. The map and end sequence information are available on the KAOS (Kazusa Arabidopsis data Opening Site) web site at
Introduction
Arabidopsis thaliana is an excellent model organism for the analysis of complex processes in plants using molecular genetic techniques. 1 Many laboratories are currently making intensive efforts to isolate Arabidopsis genes of biological importance using a map-based cloning strategy. This plant has also been chosen as a target for sequencing of the entire genome, because the estimated genome size, 130 Mb, is the smallest among known higher plants and the content of repetitive sequences is assumed to be low. 3 Under these circumstances, a complete physical map of the Arabidopsis genome should be greatly advantageous for cloning the genetic loci of interest as well as sequencing the entire genome. With this view, yeast artificial chromosome (YAC)-based physical maps of chromosome 2, 4 4, 5 and 5 6 of A. thaliana have been constructed. We also constructed a fine physical map of the entire chromosome 5 by ordering YAC, PI, TAC and BAC clones 7 to support the initial phase of our sequencing project, and based on the map constructed, sequence analysis of chromosome 5 is in progress. 8 " 12 In the second phase of 13 although the map consists of nine contigs. Construction of a complete physical map which covers the entire chromosome is essential to proceed with the sequencing project. We present here a physical map of the entire chromosome 3 which was constructed by ordering the clones from YAC, PI, TAC and BAC libraries using the information on the sequences of various DNA markers and the terminal sequences of the clones.
Materials and Methods

Libraries
Five 
DNA markers
Restriction fragment length polymorphism (RFLP) markers, cleaved amplified polymorphic sequence (CAPS) markers, simple sequence length polymorphism (SSLP) markers, expression sequence tags (EST) markers and cloned genes used for designation of PCR primers and their sources are listed in Table 1 .
Screening and clone analysis
For physical map construction, clones harboring DNA markers were selected from PI, TAC and BAC libraries by PCR using DNA pools produced from each library as templates. The method of end sequence analysis of selected clones was described in the previous paper. 7 The sizes of CIC YAC clones, for which multiple size information was described 14 or whose size information was inconsistent with their allocation in the physical map, were confirmed by PFG electrophoresis (CHEF Mapper system; Bio-Rad), followed by Southern hybridization with PCR products which were amplified using the sequence information of the DNA markers on the clones.
Results and Discussion
Construction of physical map
Using the PCR primers designed from the sequences of 98 genetically mapped markers, 14 EST markers and 145 YAC end sequences, we isolated 115 CIC YAC clones. By ordering the clones on the basis of overlap analysis of the end sequences of each clone, a physical map which consists of 11 contigs and covers 20 Mb was first constructed. To close the remaining gaps, chromosome walking by using PI, TAC and BAC clones was carried out. A total of 128 PI, TAC and BAC clones were anchored on the regions encompassing the gaps by the use of 10 molecular markers, 20 YAC end sequences and 156 PI, TAC and BAC end sequences. Nine out of 10 gaps were closed by arrangement of the clones identified. Consequently, chromosome 3 could be covered by two contigs of 13.6 Mb (contig 1) and 9.2 Mb (contig 2) leaving a single gap in the middle. The sizes of two contigs were estimated by using the size information of individual clones which were placed on the mid-point of its allocated position. By comparison of the sizes of PI, TAC and BAC clones allocated to the overlapped regions of YAC clones, we assume the estimation error for the contig size to be less than 10%. A minimum tiling path of chromosome 3 composed of 55 CIC YAC and 37 PI, TAC and BAC clones is shown in Fig. 1 . As discussed in section 3.3, we tentatively postulated the size between two contigs to be 0.7 Mb, and the physical scale of the chromosome was indicated by the number in Mb from the end of contig 1 containing the top marker. Forty-five chromosome-specific RI markers, whose genetic distances have been derived from up to 100 lines of a recombinant inbred mapping population, 17 were positioned on the physical map as summarized in tai224 (97.68 cM) fell in contig 2.
Comparison of genetic and physical maps
A comparison of genetic and physical maps is shown in Fig. 2 . The order of genetic markers in the contig 1 region well coincides with that of the physical map except for the markers mi357 and mi467 that are located in close proximity. In the region of contig 2, however, the positions of markers TSAl 18 and tai224 were significantly inconsistent. In the RI map, tai224 and TSAl have been assigned as the bottom markers of chromosome 3, but these markers were mapped to the 20-Mb position of the physical map. To verify the position of tai224 and TSA1, we constructed a detailed contig map of PI and TAC clones in the region between YAC end markers CIC6F4R (19.4 Mb) and CIC11G5R (20.1 Mb). According to the fine contig map constructed, tai224 was mapped to the 19.9 Mb position closely linked to RFLP marker AP3, and TSAl was mapped to 100-150 kb below tai224 which is linked to YAC end marker CIC8H7R. In addition, all the PI and TAC clones isolated by screening with 3 sets of primers designed from the sequence information of tai224 and TSAl were integrated into that contig (data not shown). Thus, it is unlikely that some other sequences identical or similar to tai224 and TSAl were located in the bottom region of chromosome 3. The order of markers m424, nga6 and ngall2 was also different between the physical and RI maps. The order of these markers on the physical map rather corresponds to the original genetic map of nga markers. 19 The ratio of the physical to genetic distance between markers varied significantly along the chromosome (Fig.  2) . Within the range of this resolution, relatively cold spots of recombination are seen in the middle region of each contig (mi403 to mi289 and m457 to BGL1) in addition to the region flanking the gap between the two contigs. This pattern seems to resemble those of chromosomes 4 20 and 5 7 of A. thaliana.
Comparison of cytogenetic and physical maps
Due to the lack of suitable probes, the centromere was not mapped on the physical map in the present study. It seems most likely that the centromeric region of chromosome 3 is positioned in the gap between contigs 1 and 2, because the gap position also roughly coincides with the prediction by genetic recombination analysis. 21 In addition, several YAC clones allocated in this region contained the 180-bp repeats 14 ' 22 and other repetitive sequences (unpublished observation). The genetic distance between atpox and T04109 containing the gap is 5.16 cM. Using a conversion factor of 0.37 Mb/cM estimated from the neighboring T04109-m249 region, we estimated the physical distance between atpox and T04109 to be 1.9 Mb. Since 1.2 Mb of the 1.9-Mb region has already been occupied by the assigned clones, we assume that the gap size is 0.7 Mb, unless recombination has strongly been suppressed in this region. The physical distances of the telomeres to the end of each contig have not been estimated.
The physical map of A. thaliana chromosome 3 presented here will facilitate the isolation and characterization of genetically mapped genes. The map will also support the genome sequencing project.
